The x-ray structure of complete RNA polymerase II from Saccharomyces cerevisiae has been determined, including a heterodimer of subunits Rpb4 and Rpb7 not present in previous ''core'' polymerase II structures. The heterodimer maintains the polymerase in the conformation of a transcribing complex, may bind RNA as it emerges from the enzyme, and is in a position to interact with general transcription factors and the Mediator of transcriptional regulation.
R
NA polymerase II (pol II), the enzyme responsible for all mRNA synthesis in eukaryotes, has been isolated in two forms, a 12-subunit ''complete'' enzyme and a 10-subunit ''core.'' The two additional subunits of the complete enzyme, Rpb4 and Rpb7, form a heterodimer and associate reversibly with core. The two enzymes are equivalent in RNA chain elongation, but core pol II is defective in the initiation of transcription. Addition of Rpb4͞Rpb7 to core pol II restores initiation activity (1, 2) . Rpb4͞Rpb7 therefore may be regarded as a general transcription factor, akin to the previously described TFIIB, -D, -E, -F, and -H.
Deletion of the RPB4 gene in yeast results in a temperaturesensitive phenotype, with cessation of growth above 32°C, while deletion of RPB7 is lethal (3) (4) (5) . Microarray analysis reveals the rapid shutdown of 98% of all yeast mRNA synthesis upon shift of a ⌬rpb4 strain to a restrictive temperature, consistent with Rpb4͞Rpb7 serving as a general transcription factor. Even at a permissive temperature, where constitutive gene transcription is not much affected by RPB4 deletion, transcription of inducible promoters is largely abolished (6) . Overexpression of RPB7 suppresses many of the phenotypes of a ⌬rpb4 strain, but it fails to suppress the activation defect at most promoters tested (7) (8) (9) . These results confirm the interaction of Rpb4 and Rpb7 in vivo and show that the heterodimer also fits the definition of a transcriptional ''coactivator.' ' We have investigated the structure of RNA pol II by x-ray crystallography, giving insight into the transcription mechanism. Structures of core pol II were determined at 3.1-Å resolution (form 1), 2.8-Å resolution (form 2), and 3.3-Å resolution (transcribing complex) (10) (11) (12) . Comparison of these structures revealed a number of changes related to transcription, including the movement of a massive ''clamp'' by Ͼ30 Å between form 2 (''open'' state) and the transcribing complex (''closed'' state), in which it largely surrounds the DNA template and RNA transcript (11, 12) .
For structural studies of complete, 12-subunit pol II, the enzyme was initially isolated from yeast cells grown to stationary phase, where almost all pol II is in the complete form (13) . The resulting crystals were poorly ordered, likely because of the persistence of some core pol II. To overcome the difficulty, we prepared a yeast strain bearing an affinity tag on Rpb4 and isolated the complete enzyme, devoid of core pol II, by affinity chromatography. This homogeneous, complete enzyme preparation formed crystals diffracting to Ϸ4-Å resolution.
Materials and Methods
Yeast strain CB010 with a tandem affinity purification tag integrated at the C terminus of Rpb4 was grown on yeast extract͞peptone͞dextrose medium to late log phase (14) . Yeast cells were resuspended to a density of 0.5 g͞ml in 10% glycerol, 50 mM Tris-Cl (pH 8.0), 150 mM potassium chloride, 10 mM DTT, and 1 mM EDTA. Cells were lysed by using a bead beater, and clarified lysate was bound to IgG fast flow beads (Amersham Biosciences). The beads were washed with 10 column volumes of 50 mM Hepes (pH 7.6), 500 mM ammonium sulfate, 1 mM DTT, and 1 mM EDTA, and then with 5 column volumes of 50 mM Hepes (pH 7.6), 100 mM potassium chloride, 1 mM DTT, and 1 mM EDTA before elution by cleavage with tobacco etch virus. The eluate was purified on an 8WG16 antibody column and a DEAE HPLC column as described (15, 16) .
pol II was concentrated to 10 mg͞ml in a microcon with a 100-kDa molecular mass cutoff in 5 mM Tris⅐Cl (pH 7.5), 60 mM ammonium sulfate, and 10 mM DTT. Crystals were grown by using the hanging-drop method against 100 mM ammonium phosphate buffer (pH 6.3), 100 mM NaCl, 5 mM dioxane, 1 mM zinc chloride, 5% PEG 6000, and 20-25% PEG 400. Crystals were frozen directly from the mother liquor. Diffraction data were collected at the Advanced Light Source beamline 5.0.2 at 0.98 Å. Diffraction data were reduced by using the HKL package (17) .
Molecular replacement was carried out with CNS by using the fast direct method (18) . The three current pol II models were used as search models. The transcribing complex model (PDB ID code 1I6H) was found to give the best results, and all subsequent steps were performed with this model. Rigid-body refinement and group B refinement were performed with CNS (final R cryst ϭ 32.5, R free ϭ 35.7-4.1 Å). A difference map calculated by using SigmaA-weighted phases revealed a large difference density on the side of the clamp near the back of pol II (Fig. 1) . To improve the phases and remove model bias, the SigmaA-weighted phases were used as a starting point for density modification. With only one molecule per asymmetric unit, the calculated solvent content for the complete pol II crystals is Ͼ80% (Matthews coefficient of 6.3). Density modification was performed by using CNS with a solvent content of 80%. A polyalanine model of the archaeal Rpb4͞Rpb7 homologs was placed in a map calculated from the solvent-flattened phases and rigid body refined by using CNS. The archaeal homolog model was then modified by using O to better fit the observed yeast density (19) . Wherever possible the archaeal homolog was used, but, when necessary, additional polyalanine backbone was traced. A backbone model (C ␣ atoms only) of the complete 12-subunit pol II and structure factors have been deposited in the Protein Data Bank.
Results and Discussion
The structure of complete, 12-subunit pol II was determined by molecular replacement with that of core pol II (Tables 1 and 2 ). All three previous structures, form 1, form 2, and transcribing complex, were used as search models. The transcribing complex structure gave the highest correlation coefficient and lowest initial R factor. Rigid body refinement with form 2, allowing the clamp to move, resulted in a position of the clamp essentially the same as that in the transcribing complex. We conclude that under the conditions analyzed here, the complete pol II is in the clamp-closed state. This conclusion is in agreement with results of electron microscopy (EM) and single-particle analysis of complete pol II, which also revealed the enzyme in the clampclosed state, showing that this conformation was not induced by crystallization (20) .
Difference density between the complete and core pol II structures clearly corresponded to the previously reported structure of archaeal Rpb4͞Rpb7 ( Fig. 1; ref. 21 ). As the crystals had a high solvent content (Table 1) , density modification was performed to improve the map and help remove model bias. A backbone model could be built into the resulting map with the archaeal Rpb4͞Rpb7 structure as a guide. The part of the model attributed to Rpb7 was virtually identical to the archaeal structure, in keeping with the sequence conservation between the yeast and archaeal proteins (25% identity, 34% similarity). The remainder of the model, attributed to Rpb4, was very similar to the structure of archaeal Rpb4. There is, however, no significant homology between yeast and archaeal Rpb4 sequences, and most homology between yeast and other eukaryotic Rpb4 sequences is located in the N-terminal 45 residues and C-terminal 75 residues (2, 21, 22) . We therefore presume that the portion of the Rpb4 structure seen in the map is caused by the N-and C-terminal regions; a central, highly charged region of Ϸ70 residues, apparently unique to yeast, is not detected, because of motion or disorder.
Rpb7 interacts with both Rpb1 and Rpb6 ( Fig. 2 and Fig. 4 , which is published as supporting information on the PNAS web site, www.pnas.org). Based on alignment with the archaeal structure, a conserved region containing residues 15-20 (numbering scheme from Methanococcus jannaschii) appears to make a hydrophobic interaction with Ala-105 and Pro-106 of Rpb6. In archaeal Rpb7, conserved residues Gly-55, Gly-57, Gly-62, and Gly-64 (M. jannaschii numbering scheme) are located in a loop between two ␤-strands (21). In our map, residues corresponding to archeal 55, 57, and 59 appear to be in a ␤-strand that adds to a ␤-sheet region of Rpb1 around Val-1443 to Ile-1445, beneath the previously described ''RNA exit groove 1'' (10, 11) . Residues 62 and 64 are in a loop penetrating the exit groove.
Again using the archaeal structure as a guide, we found that the N-terminal region of Rpb4 makes contact with the Nterminal region of Rpb1 around Ser-8 and Ala-9, located on the surface of the clamp above exit groove 1. Inasmuch as loops in Rpb1 that form the hinge for clamp movement are at the level of the exit groove, contacts of Rpb4 above the groove and Rpb7 below the groove would appear to bracket the clamp, constraining it in the closed state. It seems unlikely that the open Electron density map at 4.1-Å resolution (yellow) contoured at 1 , calculated by using observed amplitudes (F obs) and phases after density modification. Superimposed is the final C ␣ Rpb4 (red) and Rpb7 (blue) model. The figure was generated by using O and POV-RAY (19 Values in parentheses correspond to the highest-resolution shell. Rsym ϭ ⌺ i,h͉I(i, h) Ϫ ͗I(h)͉͘͞⌺i,h͉I(i, h)͉, where ͗I(h)͘ is the mean of the I observations of reflection h. R sym was calculated with anomalous pairs merged; no cutoff was applied.
conformations of the clamp seen in structures of free core pol II (10, 11) are possible in the presence of the Rpb4͞Rpb7 heterodimer. As has been noted, the requirement for the heterodimer for the initiation of transcription and the effect of the heterodimer upon clamp closure suggest that promoter DNA binding and initiation occur in the clamp-closed state (20) .
We previously considered the possibility of promoter DNA binding in the clamp-open state, which affords a straight path through the active center cleft for unbent promoter DNA (11) . Binding in the cleft in the clamp-closed state requires bending the DNA to Ϸ90°, and such bending is likely to occur only after interaction with the polymerase and promoter melting. Interaction of straight promoter DNA with pol II in the clamp-closed state may occur as in the structure of the bacterial RNA polymerase holoenzyme-promoter DNA complex (23) (24) (25) , in which the DNA passes above the clamp and adjacent protein ''wall'' [suggested for pol II by Craighead et al. (20) ]. The DNA presumably descends into the active center region after melting and bending.
A second implication of the complete pol II structure for transcription concerns the possible involvement of Rpb7 in nucleic acid binding. Rpb7 contains a ribonucleoprotein (RNP) fold and an oligonucleotide-binding (OB) fold (dark and light blue, respectively, in Fig. 2) (2, 21) . The Rpb4͞Rpb7 heterodimer was shown to bind single-stranded DNA and RNA, and mutation of the OB fold abolished the binding (2). Previous structure determination of complete pol II by EM and single-particle analysis placed the heterodimer near RNA exit groove 1, leading to the suggestion that the heterodimer interacts with RNA emanating from the groove (20, 21) . The location of the heterodimer in the x-ray structure agrees well with that determined by EM (Fig. 3A and Fig. 5 , which is published as supporting information on the PNAS web site), although the orientation of the heterodimer differs from that previously proposed on the basis of the EM map (20) . It is also consistent with results of immunoelectron microscopy on pol I (26), which led to the suggestion of heterodimer interaction with the ''linker'' domain near the C terminus of Rpb1 (see below). The volume occupied by the heterodimer in the EM map is sufficient to include not only the region of the heterodimer revealed in the x-ray structure, but also the central, charged domain of Rpb4 not seen in the x-ray map (Fig. 3A) . Indeed a previous difference electron density map between EM structures of complete and core pol II may have been caused entirely by the charged domain (27) .
Details of the heterodimer in the x-ray structure further encourage speculation regarding RNA binding. The surface of the triple-stranded ␤-sheet of the RNP fold, involved in RNA binding in other examples of the fold, faces RNA exit groove 1 (28) . As already mentioned, a loop containing residues 62 and 64, also involved in RNA binding in other instances, actually penetrates the groove. The question arises as to whether the RNP fold of Rpb7 has an affinity for RNA, because mutation of the OB fold abolished RNA binding in vitro (2) . Binding was measured by gel electrophoretic mobility-shift analysis, and an affinity constant of a micromolar or less, which could significantly affect the stability of a transcribing complex, would not have been detected. It might be imagined that the RNP fold serves to guide the transcript toward the OB fold, which lies Ϸ50 Å from the exit of groove 1. A transcript length of 25-30 residues would be required to reach the OB fold, and both capping of the 5Ј end and a transition to a stable transcribing complex occur at about this length (29) (30) (31) (32) . . Rpb1 is gray, Rpb2 is bronze, Rpb4 is red, Rpb6 is green, the N-terminal half of Rpb7 that contains the RNP domain is dark blue, the C-terminal half of Rpb7 that contains the OB fold is light blue, and the remaining subunits are black. The locations of the clamp, the C-terminal repeat domain (CTD), and the previously proposed RNA exit groove 1 (pink dashed line) are indicated. The figure was generated with SWISS-PDB VIEWER and POV-RAY (40). The location of the Rpb4͞Rpb7 heterodimer in the complete enzyme suggests a possible role in the assembly of the transcription initiation complex. The heterodimer is adjacent to the site of TFIIB binding in a pol II-TFIIB cocrystal (difference density attributable to TFIIB in the cocrystal is seen near RNA exit groove 1; unpublished work). Evidence for heterodimer-TFIIB interaction, stabilizing the transcription initiation complex, has come from surface plasmon resonance measurements, showing the greater affinity of a TFIIB-TATA box-binding proteinpromoter DNA complex for complete pol II than for the core enzyme (27) . Interaction of the heterodimer with TFIIB is also suggested by studies in the yeast pol III system, where the counterpart of Rpb4, termed C17, has been shown to bind the counterpart of TFIIB, termed Brf1, by two-hybrid and coimmunoprecipitation analyses (33) . The location of the heterodimer in the complete enzyme in the vicinity of the CTD (Fig. 2) may be relevant to another reported interaction as well, that of Rpb4 with Fcp1, a phosphatase specific for the CTD (34) .
Finally, the structure of complete pol II has possible implications for the mechanism of regulation by the multiprotein Mediator complex. Seven additional residues of Rpb1 could be traced in the complete structure beyond the N terminus seen in the core pol II structure. These additional residues, which appear to interact with Rpb7, form part of the linker between the CTD and the body of pol II (Fig. 2) . The CTD is required for the binding of Mediator to pol II (35) . The structure of a Mediatorpol II complex, determined at 35-Å resolution by EM and single-particle analysis, shows a crescent of Mediator density partly surrounding pol II (36) . A gap between the ''tail'' region of the Mediator and the body of pol II, near the junction of the tail and ''middle'' regions, corresponds to the location of the Rpb4͞Rpb7 and heterodimer in the x-ray structure (Fig. 3B) , raising the possibility of direct Mediator-heterodimer interaction. There is genetic evidence for the involvement of both the heterodimer and Mediator in transcription control: Deletion of Rpb4 impairs the activating effect of Gal4 and other yeast regulatory proteins (37) , and deletions of Mediator tail proteins have similar consequences (38, 39) . The relevance of Mediator-heterodimer interaction to transcriptional control remains to be tested.
